ABSTRACT: Soil erosion is a geomorphological and, at the same time, a land degradation process that may cause environmental and property damage, loss of livelihoods and services as well as social and economic disruption. Erosion not only lowers soil quality on-site, but causes also significant sediment-related problems off-site. Given the large number of research papers on this topic, one might therefore conclude that we know now almost everything about soil erosion and its control so that little new knowledge can be added. This conclusion can be refuted by pointing to some major research gaps. There is a need for more research attention to (1) improved understanding of both natural and anthropogenic soil erosion processes and their interactions, (2) scaling up soil erosion processes and rates in space and time, and (3) innovative techniques and strategies to prevent soil erosion or reduce erosion rates. This is illustrated with various case studies from around the world. If future research addresses these research gaps, we will (1) better understand processes and their interactions operating at a range of spatial and temporal scales, predict their rates as well as their onsite and off-site impacts, which is academically spoken rewarding but also crucial for better targeting erosion control measures, and (2) we will be in a better position to select the most appropriate and effective soil erosion control techniques and strategies which are highly necessary for a sustainable use of soils in the Anthropocene.
Introduction
Soil erosion is a geomorphic process that detaches soil particles, rock fragments, soil aggregates and organic matter from its primary location and then transports these to another location by various processes. These include (1) natural erosive processes (i.e. rain, runoff, snow avalanches, wind and gravity), (2) biological processes (e.g. tree fall, animal trampling, burrowing animals) and human-induced processes (e.g. soil tillage, crop harvesting, land leveling, quarrying, mining, excavations for infrastructure and building construction, explosion cratering and trench digging).
All definitions of soil erosion mainly focus on on-site soil detachment (resulting in local soil surface lowering) and less on subsequent transport of soil material (sediment) off-site. No minimum soil (sediment) transport distance during erosion has ever been defined. Transport distance of detached soil (sediment) is process-specific. Typical transport distances are <1 m for splash erosion and tillage erosion, < 100 m for sheet, rill and piping erosion as well as for explosion cratering, < 1 km for (ephemeral) gully erosion and >1 km for sediment export from catchments or for soil erosion during crop harvesting and export. To allow comparison of the intensity of different soil erosion processes, all erosion rates are expressed as a mobilized soil or sediment mass per unit area and per time unit (expressed in t/ha/yr). The horizontal and vertical transport distances (affecting off-site impacts) during erosion, which depend on the type of erosion process as well as on environmental factors (such as topography, land use, soil surface roughness, runoff characteristics), are not further considered in this paper.
Soils are a natural resource that play a vital role in daily life given that they deliver several important supporting, provisioning, regulating and cultural ecosystem services and goods: i.e. (1) producing food, fiber and other biomass; (2) interacting with their environment such as water filtering, carbon storage and transformation of substances; (3) functioning as a biological habitat and gene pool; (4) providing raw materials; (5) contributing to physical and cultural heritage; and (6) providing a platform for human-made structures such as buildings and roads (Blum, 1993; Tóth et al., 2013) . Soil erosion is therefore also a major land degradation process that impairs soils to deliver these ecosystem services and goods on-site in many parts of the world. This results in environmental degradation and poverty (particularly in the Global South), but causes also significant sediment-related problems off-site: e.g. surface water pollution, muddy floods, reservoir siltation, changes in river morphology, coastal development and ecology. Among all soil degradation processes, soil erosion has been identified in the first State of the World's Soil Resources Report by the Intergovernmental Technical Panel on Soils as the gravest threat (Montanarella et al., 2016) . Soil erosion thus represents a geomorphological and a geological hazard as it may cause property damage, loss of livelihoods and services, social and economic disruption or environmental damage (United Nations International Strategy for Disaster Reduction [UNISDR], 2009 ).
Many studies have demonstrated that major land-use changes in the Anthropocene increased soil erosion rates worldwide (e.g. Hooke, 2000; Boardman and Poesen, 2006; Montgomery, 2007; Maetens et al., 2012a; Vanacker et al., 2014; García-Ruiz et al., 2015; Vanmaercke et al., 2015; Tarolli and Sofia, 2016; Goudie and Viles, 2016; Vanwalleghem et al., 2017) . This explains the significant research attention that soil erosion has received over the last decades. The total number of research papers dealing with soil erosion and published before 1980 amounted to c. 10 000 (Belpomme, 1980) , already indicating the significant interest shown by researchers in this geomorphic process and related problems. In 2017 this number has increased to c. 69 000 (Web of Science, January 2017). Over a period of 37 years there has been an almost seven-fold increase in the amount of papers on soil erosion processes, their controlling factors, consequences, prevention and control. This triggers the question: do we still need more research on soil erosion that produces even more papers? The answer is clearly 'yes'. The following sections discuss some major research gaps that need to be addressed if we want to (1) better understand spatial and temporal patterns of soil erosion rates and landscape evolution and (2) use our soils in a more sustainable way and improve environmental conditions worldwide.
Needs for Improved Understanding of Natural and Anthropogenic Soil Erosion Processes and their Interactions
Despite the vast body of scientific literature, our understanding of factors controlling natural and anthropogenic erosion processes remains limited. Natural erosion processes that will be focused on in this paper are those involving (rain) water: i.e. sheet, rill and gully erosion as well as subsurface erosion (piping and tunneling). Anthropogenic processes are defined as (non-malicious or malicious) human-induced activities that directly detach and transport soil material, and here we focus on the importance of tillage erosion, land leveling, soil excavation, erosion during crop harvesting, explosion cratering and trench digging.
Sheet and rill erosion
Of all water erosion processes, sheet (or interrill) and rill erosion received most research attention. This can be concluded from the many studies reporting soil loss rates from sheet and rill erosion measured on field runoff plots. In total this data represents over 24 325 plot-year soil erosion rates for a large range of environmental and management conditions in the United States, Europe, Brazil and China (Table I ). In addition, there is a yet unknown number of plot-year data collected outside these subcontinents. Moreover, the development and application of soil erosion models has mainly focused on sheet and rill erosion (for a review, see e.g. de de Vente et al., 2013) whereas other water erosion processes, such as (ephemeral) gully erosion or piping erosion, have received much less or no attention at all in these models.
At the same time, detailed process studies based on field and laboratory experiments have improved our understanding of how splash erosion (e.g. Poesen, 1985; Dunne et al., 2010 Dunne et al., , 2016 Fernández-Raga et al., 2017) , sheet and rill erosion (e.g. Le Bissonnais et al., 1998; Nearing et al., 1997; Parsons and Wainwright, 2006; Govers et al., 2007) operate in various environments.
Yet, there are still gaps in our understanding of the factors and mechanisms that affect sheet and rill erosion rates, particularly in environments that have hitherto received limited attention (e.g. subtropics and tropics). In the following sub-sections we highlight some aspects that deserve more research attention.
Rainfall erosivity
To predict rainfall erosivity for large areas up to the continental scale empirical relations between rain intensity and kinetic energy are used (e.g. Vrieling et al., 2010; Diodato et al., 2013) . These relations are established at meteorological stations which are typically located near a country's capital or at low altitudes (e.g. Salles et al., 2002) . A study of rain characteristics in north Ethiopia revealed that such relations do not always represent the true rainfall erosivity in tropical highlands as low intensity rainfalls may have significantly bigger drops and hence a larger kinetic energy compared to similar rain intensities at lower altitude . Consequently, the erosivity of low intensity rains in tropical highland environments may be significantly underestimated when predicting rain erosivity using relationships established elsewhere. More efforts need to be made to sample rains in mountainous environments and to analyze their drop-size distributions in order to improve predictions of spatial patterns of rainfall erosivity. More research on the impacts of climate change on rain erosivity is also needed as these are complex involving changes in rainfall depth, rain intensity, number of rainy days and in some regions the ratio of rain to snow. Nearing et al. (2004) demonstrated that where rainfall amounts increase, soil erosion and runoff will increase at an even greater rate: the ratio of erosion increase to annual rainfall increase is on the order of 1.7. For Europe, a relative mean rain erosivity increase of 18% by 2050 (relative to 2010) with a large spatial variability of this increase has been predicted (Panagos et al., 2017) . Table I . Overview of the number of runoff plot-year and equivalent rainfall simulator plot-year (#PY) data measured to quantify the effect of various factors controlling sheet and rill erosion rates in the United States, Europe, Brazil and China Natural runoff plots (#PY) Rainfall simulator plots (#PY) USA > 10 000 (Wischmeier and Smith, 1978) 2000 (Nearing, personal communication, 2017 ) Europe > 8000 (Maetens et al., 2012a (Maetens et al., , 2012b Soil erodibility Susceptibility of various soil types (soil erodibility) to sheet and rill erosion has been measured using field plots exposed to natural rain or laboratory and field experiments with simulated rain and runoff. A review of this literature reveals that most research attention has been given to the erodibility of mediumtextured soils, since these are most often high-quality soils that are frequently cultivated for crop production with the consequence that they very often suffer from excessive water erosion rates. This explains why most soil erodibility data has been collected for these soils (Poesen, 1992; Borselli et al., 2012) . In contrast, erodibility of soils having textural extremes, i.e. very fine-textured soils (clays and clay-rich soils), very sandy soils and soils containing abundant rock fragments Poesen and Lavee, 1994; Cerda, 2001) have received rather limited attention. Yet such soils are also abundant worldwide. Because these soils are also increasingly threatened by erosion (e.g. due to cultivation, recreation, construction), more research efforts are needed to understand and predict their hydrological and erosional behavior. For instance, research has shown that the effects (both negative and positive) of a rock fragment cover on runoff production and soil erosion rates strongly depend on the position of rock fragments in the soil top layer (e.g. Poesen et al., 1990; Smets et al., 2011) . This finding helps to better understand the effectiveness of ancient water harvesting systems (Lavee et al., 1997) but also opens perspectives to control infiltration and soil erosion rates in stony soils through appropriate tillage operations (Oostwoud Wijdenes et al., 1997) . Soil erodibility reflects the inherent susceptibility of soils to erosion processes and depends therefore on various soil properties. However, these soil properties vary with environmental conditions, hence soil erodibility interacts with other erosion factors, such as for instance climate. Most soil erodibility research has focused on soils from rather cool climates . Salvador Sanchis et al. (2008) clearly demonstrated that soil erodibility also strongly related to climate, yet the processes explaining the climatic impact on soil erodibility are not yet fully understood.
Likewise, soil erodibility may interact with topography. For instance, rock fragment cover at the soil surface often increases rapidly with slope gradient, particularly in dry environments (i.e. in Mediterranean, semi-arid and arid climates; Poesen et al., 1998) . As rock fragment cover is negatively related to sheet and rill erosion rates , the impact of topography on soil losses during water erosion is strongly controlled by this interaction Govers et al., 2006) . Therefore, more research is needed to unravel the interactions between soil erodibility and other erosion factors (e.g. climate, topography, vegetation).
Vegetation
The literature dealing with effects of vegetation on ecosystem processes and soil erosion in particular is abundant. However, most attention has been given to the effects of above-ground biomass properties (e.g. cover, canopy height), whereas rather limited attention has been given to the role of the belowground biomass (Bardgett et al., 2014) . Plant roots play a limited role in splash erosion but a very important role when incisive erosion processes (e.g. rilling, gullying, shallow landsliding) become dominant (e.g. Gyssels et al., 2005; Vannoppen et al., 2015) . In most models predicting sheet and rill erosion rates, the impact of vegetation on water erosion rates is mainly estimated using plant canopy characteristics (i.e. cover, height above the soil surface, architecture) whereas effects of roots are often neglected or received less attention (e.g. Morgan et al., 1998) . Roots become particularly important in controlling rates of these processes when the above-ground biomass (temporally) disappears, e.g. due to grazing, drought or fire. Therefore, effects of root characteristics (e.g. amount, length, architecture, see e.g. De Baets et al., 2007; Reubens et al., 2007) on erosion rates of different soil types deserve more research attention.
The presence of plant roots in soils affects soil erodibility through root exudation, soil aggregate stabilization and increasing tensile strength (cohesion). Similar to soil erodibility studies, research dealing with effects of plant roots on soil detachment rates has mainly focused on silt loam soils whereas these effects in sandy and clayey soils are less well understood (Vannoppen et al., 2015) . For instance, Vannoppen et al., 2017 demonstrated that the erosion-reducing effects of fibrous and tap roots during concentrated runoff on sandy soils are different from those observed in loamy soils. In loose sandy soils, fibrous roots seem to be more effective in reducing erosion rates whereas tap roots seem to be much less effective as compared to the effects of these root properties in loamy soils. Moreover, little is known about the relative contribution of two major root effects on soil erodibility: i.e. the mechanical soil binding (i.e. root cohesion, De Baets et al., 2008) and the strengthening of soil particle bonds through root exudates that increases structural stability (Bardgett et al., 2014) . Li et al. (2017) reported that the mechanical soil binding effect was twice that of the biochemical effect.
Topography Slope gradient and slope length exert a strong control on soil loss rates by sheet and rill erosion. However significant feedback processes between these erosion processes and both hydraulic and hydrological processes play an important role and these are not yet fully understood.
For instance, Govers et al. (2007) observed experimentally that flow velocity (a measure of runoff erosivity) in eroding rills is only controlled by flow discharge and is independent of slope gradient. The latter is explained by an important feedback between bed morphology and rill hydraulics. On steeper slope gradients rill bed roughness increases, as observed in the field , which compensates for the slope effect on flow velocity. These observations indicate that currently used approaches to model rill flow hydraulics (e.g. via a constant Manning's number for a given soil) and sediment detachment in rills are not always in agreement with available experimental evidence.
Various studies revealed that runoff production per unit area typically decreases with slope length on bare or sparsely vegetated soils, particularly those that are susceptible to surface sealing and crusting, (e.g. Poesen and Bryan, 1989; Parsons et al., 2006; Martinez et al., 2017) . Detailed analysis along a 17 m long experimental plot with a soil surface slope of 0.068 m/m over which simulated rain was applied, revealed a complex pattern dominated by surface sealing, rill development, headcut incision and colluvial fan formation Bryan, 1989-1990) . Slope segments where rills and headcuts developed were characterized by high infiltration rates. Such runoff transmission losses have also been reported for gully channels in dry environments . However, slope segments completely covered by sealed interrill surfaces or where extensive depositional seals formed, showed reduced infiltration and percolation rates. These erosion and sediment deposition processes may have compensating effects on runoff generation along a hillslope affecting the relation between slope length and runoff/erosion rates. These observations indicate that runoff and erosion rates for entire hillslopes and catchments are scale-dependent (see further) and cannot be simply extrapolated from (short) plot data. Therefore, alternative methods for estimating large-area erosion rates are required (Parsons et al., 2006) . Realistic runoff and erosion models aiming at predicting overland flow discharge and corresponding erosion rates along hillslopes should therefore take into account the interactions between soil erosion/sediment deposition processes and the hydrological response of the corresponding hillslope sections into account.
These aspects illustrate some major research gaps and therefore the need for more detailed investigations of the mechanisms governing the role of various hydrological and erosion processes, factors and their interactions, particularly for environments that received limited attention. An improved understanding of these processes and factors is needed for better predicting sheet and rill erosion rates in such environments but also the effects of climate, land-use and policy changes, as well as of soil and water conservation (SWC) measures on erosion rates.
Gully erosion
Most assessments of soil erosion by water have mainly focused on sheet and rill erosion rates, whereas gully erosion received less attention . This is also reflected in most models predicting soil erosion by water (e.g. de Vente et al., 2013) . Perhaps one reason might be that in most landscapes gully channels typically occupy less than 1-5% of the total area and are therefore often overlooked. However, the contribution of gully erosion to overall soil loss and sediment production at the catchment scale often exceeds by far 5% and may even exceed 80%, particularly in dry environments . Moreover, the development of gully channels rapidly increases the runoff and sediment connectivity in landscapes and hence aggravates off-site effects of water erosion. For example muddy floods and sediment-related damage to properties and water courses as well as pond and reservoir sediment deposition by runoff from agricultural land are related to (ephemeral) gullying (e.g. Verstraeten and Poesen, 1999; Haregeweyn et al., 2005; Verstraeten et al., 2006a; Evrard et al., 2007) . Consequently, there is a need for more monitoring, experimental and modeling studies of gully erosion as a basis to improve predictions of the effects of environmental change (climatic and land-use changes) on gully erosion rates. Poesen et al. (2003) and Poesen (2011) identified several knowledge gaps related to gully erosion, some of which received more attention over the last decade. But some of them still remain under researched and these are briefly discussed here.
Identification of critical thresholds in terms of rain, topography, soils, land use and flow hydraulics for the initiation, development and infilling of gullies in different environments. Knowledge of such thresholds is crucial for predicting where gully channels will initiate and where they will end in a given landscape. Several studies investigated the critical topographic conditions, expressed by local slope gradient (S) and drainage area (A). These factors control the initiation and position of gully heads in various landscapes. Torri and Poesen (2014) analyzed 63 reported S-A relationships for overland-flow induced gullyheads that they extracted from data sets collected in various parts of the world: i.e. S > kA Àb , with k a threshold coefficient reflecting the resistance of a particular site to gully head development. This analysis shows clear land-use type effects on the value of k (mean k-values equal 0.628 for forest and grassland, 0.154 for rangeland and pasture, and 0.043 for cropland) whereas the value of b does not seem to be affected. Based on these results a model was proposed to predict gully head development in various landscapes and under changing environmental conditions. However, the results of this review also clearly show that better and more reliable gully threshold models can be built, including effects of land-use and climate changes, provided that field data are collected in a more standardized way for environments that were under-represented in the analyzed dataset: e.g. gullies in badlands that developed on different lithologies or urban gullies (Figure 1 ; e.g. Guerra et al., 2007; Imwangana et al., 2015) . Urban sprawl often leads to a dramatic increase of peak runoff discharge, runoff coefficients and a concomitant reduction of runoff concentration times. In many parts of the world (particularly in the Global South) this leads to a rapid development of large gully channels (urban gullies) endangering the bearing function of soils and causing damage to infrastructure and private property. Likewise, improper drainage of rural roads often results in the rapid development of large gully channels turning unpaved roads into road gullies. Along the same lines, improper road construction may induce a concentration of runoff by diverting concentrated runoff to particular spots in the landscape resulting in a sudden increase of the drainage area (A) and hence the development of large gullies (e.g. Nyssen et al., 2002) .
Also the role of bedrock direction and joint orientation (e.g. Parkner et al., 2007) as well as seismic activity (e.g. Cox et al., 2010) and the mechanisms by which this happens in controlling the position and density of gullies needs to be better understood. In contrast to gully headcut retreat, few studies have investigated the conditions where gully channels end (e.g. due to a change of topography or land use).
Although several attempts have been made to develop process-based models for predicting gully erosion rates in a range of environments, there are still no reliable (i.e. validated) models available allowing one to predict impacts of environmental change on gully erosion rates at various temporal and spatial scales, and their effects on sediment yield, hydrological processes and landscape evolution . This is likely due to the fact that gully erosion involves a range of subprocesses that interact (i.e. hydraulic erosion, erosion by seepage, piping, fluting, tension cracking and mass movement processes such soil toppling, fall and slide) and whose integrated effect control ultimately gully erosion rates, its large temporal variability (e.g. Vandekerckhove et al., 2001; Vanmaercke et al., 2016) as well as its non-linear gully growth over longer time spans (Vanwalleghem et al., 2005c) . Furthermore, there are no standardized methods to measure gully erosion rates and very few good-quality monitoring data exist to calibrate and validate models.
Several regional empirical relations have been proposed to predict gully headcut retreat (GHR) rates and a global analysis of 724 actively retreating gully heads and their environmental characteristics has been made recently . The most relevant factors explaining the observed seven orders of magnitudes of variation in annual volumetric GHR are the runoff contributing area at the gullyhead (A) and the rainy day normal (RDN, i.e. the long-term average annual rainfall depth divided by the average number of rainy days): GHR = 0.001 × A 0:52 × RDN 4:97 . This empirical relation reveals that GHR rates are very sensitive to rainfall intensity. Since the latter is expected to increase in most regions as a result of climate change, gully erosion may become more intense and widespread in the coming decades. However, the large variance in GHR rate data calls for more high-quality field data collection from under-represented regions in order to better understand temporal variability of GHR rates and the role of various factors (e.g. soils, lithology, land use and management). Furthermore, there is a need to move in the direction of process-based models (e.g. Campo-Bescos et al., 2013; Torri and Poesen, 2014) to better cope with the various hydrological, hydraulic and erosion processes (including mass movements and piping) that are involved in gully head and bank development. Rossi et al. (2015) demonstrated that the assumption that gully head catchment area (A) reflects runoff discharge for a given rainfall event is often false: larger areas require larger concentration times to reach peak runoff discharge and the spatial pattern of land-use types within the catchment affects runoff characteristics as well. This calls for a more process-based approach for predicting runoff discharge at the gully head taking into account the position of the various land-use types within the gully catchment.
Most gully erosion research deals with factors controlling incipient gullying and gully expansion. However, little is known about the relative contribution of gully headcut retreat, channel bottom and bank processes to overall soil loss (e.g. Marzolff and Poesen, 2009 ). Also, very few studies have focused on environmental conditions leading to gully infilling. Yet, we know from well-documented case studies that several cycles of gully cutting and infilling may have taken place in time spans of decades to centuries (e.g. Vanwalleghem et al., 2005a) . If we want to better predict gully evolution and to develop proper gully management strategies we need to better understand the factors that control gully infilling (Poesen, 2011) . Gully erosion interacts with hydrological and other soil erosion processes. Once formed, gullies modify local topography drastically and this induces significant interactions with hydrological and other soil degradation processes. For instance, it has been shown that gully channel formation enhances drainage of hill slopes leading to a lowering of water tables, a decrease in baseflow and an increase of stormflow (Costa and Bacelar, 2007) as well as a desiccation of the intergully zones . This then reduces biomass production, particularly in the vicinity of the gully banks (Figure 2 ; Frankl et al., 2016) rendering this zone more vulnerable to water erosion. Moreover, many gullies are initiated by soil piping (e.g. Jones, 1971; Valentin et al., 2005; Poesen, 2011) but once formed gully channels will increase the hydraulic gradients in their banks and hence enhance soil piping and tunneling (Figures 3 and 4) as well as various mass movement processes on their banks (e.g. soil fall, toppling and sliding). These process interactions and conditions controlling the activity or stability of gully channels deserve more research attention so as to improve predictions of the hydrological and soil erosion response of gully-affected areas.
Development of gully erosion models, capable of predicting (a) erosion rates at various temporal and spatial scales and (b) the impact of gully development on sediment yield and landscape evolution. Although several attempts have been made to develop empirical and process-based models for predicting either gully sub-processes or gully erosion rates in a range of environments , there are still no reliable (i.e. validated) models available allowing one to predict effects of environmental change on gully erosion or gully infilling rates at various temporal and spatial scales, as well as the impact of gully erosion on sediment yield and landscape evolution. This is a major research area requiring more efforts.
Piping erosion
When assessing rates of soil erosion processes by water, subsurface flow erosion (i.e. piping and tunnel erosion; Figures 4 and 5), in non-karstic landscapes has often been neglected or considered of minimal importance compared to sheet, rill and gully erosion. This is explained by the fact that this geomorphic process is difficult to monitor as it operates below the soil surface without any indication at the surface, except when the pipe roof collapses and a sinkhole is formed. Yet, soil loss rates resulting from piping erosion are far from negligible in particular regions, as illustrated by some case studies from Europe reported in Table II . Piping erosion rates range between c. 1 and 287 t/ha/yr while Romero Díaz and Ruíz Sinoga (2015) even cite a study in Spain reporting a piping erosion rate of 550 t/ha/yr. One should keep in mind that these figures are most often conservative figures as they are mainly based on observations and measurements made at soil pipe collapses whereas the volume of the complete pipe network is very difficult to map. It is striking to observe that piping rates under grassland ( Figure 5 ) may reach soil loss values ranging between 1.3 and 15 t/ha/yr (Table II) whereas median soil loss by sheet and rill erosion for grassland in Europe amounts to less than 0.3 t/ha/yr (Maetens et al., 2012a) . Faulkner (2006) estimated the area affected by significant piping erosion in west Europe at c. 260 000 km 2 and distinguished three piping-prone contexts: (i) organic peats (Histosols) and Gleysols, (ii) dispersive sodic marls (Xerosols), and (iii) collapsible loess-derived soils (Luvisols).
Piping erosion results from soil detachment and entrainment by subsurface (concentrated) flowing water (often in macropores). This leads to the formation of linear voids which then can result in the collapse of the soil surface and the formation of discontinuous gullies (Jones, 2004; Figure 4) . Subsurface flow can be an important process in gully erosion through its impact on soil cohesion and hence erosion resistance as soil water content and pressure increases and more directly by the effects of seepage forces on particle detachment and entrainment. However, the processes involved in particle and aggregate detachment from soil pipe walls and transport processes within soil pipes have not been well studied (Wilson et al., 2017) . The probability of piping is large at particular landscape positions such as (1) earth banks (lynchets, road, terrace, gully and river banks; e.g. Poesen et al., 1996; Tarolli and Sofia, 2016) , (2) hillslopes underlain by perched water tables that induce lateral flow and seepage at shallow soil depth (e.g. Verachtert et al., 2012) , (3) valley bottoms with cracking soils (e.g. vertisols, Frankl et al., 2016) or badlands that developed on dispersive materials (e.g. Torri and Bryan, 1997) . Soil piping may also have an anthropogenic origin such as leaking pipes or collapsing human-made cavities. So far, no universally applicable model predicting piping erosion rates at the landscape scale exists. Along the same lines, factors controlling soil piping are not always fully understood. For instance, land-use changes may affect biological activity and this in turn may result in more biopore (macropore) formation which enhances soil piping in areas with fluctuating water tables at shallow depth (e.g. Verachtert et al., 2013) . In conclusion, despite the significant soil losses that piping may cause as well as the extent of this process worldwide, more research efforts are needed to better understand the factors and processes controlling soil piping erosion and to predict spatial patterns of piping erosion rates in different environments.
Tillage erosion
Although farmers were among the first to observe that soil tillage translocation on sloping land resulted in significant on-site soil losses and soil deposition (e.g. Weinblum and Stekelmacher, 1963) it is only since the early 1990s that researchers have been systematically studying tillage erosion in a range of environments. Tillage erosion has been defined as the loss and accumulation of topsoil resulting from the variable translocation of soil by tillage operations (Govers et al., 1994; Van Oost et al., 2006) . From a geomorphological point of view, two types of tillage erosion may occur: (i) tillage erosion due to a change in slope gradient (topography-induced tillage erosion) and (ii) tillage erosion due to the presence of parcel boundaries (field boundary induced tillage erosion). The former results in a smoothening of the landscape and thus in a reduction of slope gradients (because of soil movement from convexities to concavities). The second type leads to the formation of tillage steps, earth banks and lynchets in the landscape because of soil deposition at the upslope part of the parcel border and tillage erosion at the downslope part of the parcel border (e.g. Turkelboom et al., 1997 , Nyssen et al., 2000 . In addition, tillage erosion leads to particular spatial patterns of soil properties (and hence soil quality) which affects crop growth (e.g. Turkelboom et al., 1997) . Factors controlling tillage erosion rates can be classified into tillage erosivity and landscape erodibility . Many studies reveal that in most regions around the globe tillage erosion rates are of the same order of magnitude as sheet and rill erosion rates and in some regions even exceed the latter . Although factors of tillage erosion are well understood and models are available to predict tillage erosion rates, interactions between tillage erosion and water erosion processes (sheet, rill and ephemeral gully erosion) are still poorly understood. For instance, tillage erosion and deposition strongly interact with (ephemeral) gully erosion in cropland, resulting in very high soil loss rates .
Soil erosion by land leveling and soil quarrying
Among all soil erosion processes, land leveling (or slope engineering; Verheijen et al., 2009), e.g. for expanding and better managing cropland areas (for instance by terracing), induces one of the most intense denudation rates and a drastic change of topography ( Figure 6 ; Hooke 1997, Borselli et al., 2006) . For instance, the removal of 1 m of a soil profile in one hour by a bulldozer causes a local soil erosion rate of c. 15 000 t/ha/h (assuming a dry soil bulk density of 1.5 t/m 3 ). Land leveling is increasingly applied worldwide to meet the demands for more arable land and construction sites. For example, in Lanzhou (China) 700 mountains have been recently leveled to create more than 250 km 2 of flat land to build cities (Li et al., 2014) . In several parts of the world the area occupied by badlands is shrinking because of land leveling: e.g. in the Mediterranean (Poesen and Hooke, 1997) or in the lower Chambal valley badlands, India (Ranga et al., 2016) . Land leveling causes the permanent loss of soil profiles and a decrease in soil quality. In most cases it results in increased surface and subsurface water erosion rates due to the larger soil erodibility of the newly exposed subsoil. On sloping land, land leveling may also increase landslide susceptibility. Newly reshaped and leveled land also poses considerable off-site problems due to excessive runoff, sediment and nutrient delivery, particularly during the first two years after leveling (Borselli et al., 2006) . Given its extent, its very significant impact on the landscape and its interactions with other soil degradation processes, there is a need for more spatially differentiated evidence of current rates (Verheijen et al., 2009) so as to better predict the impact of land leveling on soil erosion rates and to develop appropriate counter measures.
The removal and leveling of termite mounds is an increasing erosion problem in the tropics. Termites are small, abundant and species-rich insects that create vast earth mounds ( Figure 7 , up to 5 m high) and underground galleries in which they live, cultivate food in fungus gardens, and house the egg-producing queen (Bardgett, 2016) . Termites are considered to be ecosystem engineers (Pennisi, 2015) . They control soil habitat variables such as biomass turnover, nutrient cycling, soil hydrology and soil properties (i.e. soil structure, texture, organic carbon content and the formation of stone lines, e.g. De Ploey and Poesen, 1989) . Furthermore, they shape the entire landscape by creating mounds (i.e. typical geomorphic features for the tropics). These mounds are soil fertility islands that often support lusher vegetation which attracts an abundance of birds, insects and other plant-feeding animals. Despite this obvious importance, termites are still commonly perceived as a nuisance, damaging crops, pastures and timber, which entails an economical loss. Therefore, in various parts of the tropics, rapid human population growth necessitates land-use intensification to meet the growing demand for food and timber. This then often leads to a destruction and complete leveling of termite mounds (Figures 7 and 8) . Removal of termite mounds represents not only the destruction of a typical geomorphic feature for the tropics but also a degradation of soils and related ecological processes that most probably leads to the following scenario (Erens, 2010; Adhikary et al., 2016) . Initially, spreading the nutrient-rich mound soil will provide a short-term increase in soil fertility, while reduced termite activity leaves more grass and space available for e.g. livestock or crops. In the long run however, reduced macroporosity will decrease infiltration rates and increase soil erosion rates. As no more clay and nutrientrich subsoil is recycled, overall fertility will ultimately decline, along with habitat heterogeneity and biodiversity created by the termite mounds. More research is needed to quantify the impact of termite mound leveling on soil, hydrological, erosion and ecological processes, not only in the short term, but also in the long term.
Soil quarrying also represents a significant anthropogenic soil erosion process worldwide. Various soil horizons have been quarried for e.g. brick-making (e.g. Bt horizons) or fertilizing acidic topsoils (e.g. liming with calcareous loess; Vanwalleghem et al., 2007) . In intensively cultivated and settled areas, the impact of soil quarrying on denudation rates and the geomorphology is significant. For instance, many closed depressions in the loess belt of west Europe are the result of soil quarrying already starting in prehistoric times (e.g. Kołodyńska-Gawrysiak and Poesen, 2017).
Soil erosion by crop harvesting
Soil loss due to crop harvesting (SLCH) refers to the detachment and entrainment of loose soil, soil adhering to the crop and rock fragments during harvest and its export from the field along with the crop. Examples are root (e.g. beet) and tuber (e.g. potato) crops, some types of vegetables (e.g. leek), shrub and tree seedlings (e.g. ornamental shrubs, fruit trees) or turf. Such crops are grown worldwide on c. 1×10 6 km 2 (Ruysschaert et al., 2004) . From Table III , illustrating SLCH rates for a selection of crops, it can be concluded that these erosion rates are far from negligible. These rates vary significantly in space and time depending on a range of factors: i.e. soil properties (and soil moisture at harvesting time), crop type and characteristics, agronomic practices, harvest technique and post-harvest treatment (Ruysschaert et al., 2004) . The relative importance of SLCH rates depends on environmental conditions but in flat or gently sloping cropland, with no or limited soil erosion by water or tillage, this erosion process can become dominant. Despite its importance, SLCH is rarely taken into account and more efforts are needed to incorporate this erosion process when assessing regional or long-term soil erosion assessments .
Soil erosion by explosion cratering and trench digging
During warfare, explosions of bombs and mines causes cratering of the topsoils at the impact site and spreading of the ejecta out as a surrounding rim of debris (Figures 9 and 10). Several authors described the devastating effects of warfare on soil structure degradation by pulverizing and mixing the soil horizons through bombardment, termed bombturbation (Hupy and Schaetzl, 2006) , and on soil contamination (Certini et al., 2013) . However, bomb explosions also detach and transport large soil volumes and should therefore be regarded as a major process of soil erosion in the Anthropocene. Figure 11 indicates that the diameter of craters formed by World War I (WWI) shells and mines are more than 2 to 3.5 orders of magnitude larger than those formed by raindrop impact (splash erosion). Soil erosion by explosion cratering therefore represents one of the most intense soil erosion processes. Along the same lines, trench digging during warfare also induces the displacement of large soil volumes ( Figure 12) . A recent study measured the density and diameter distribution of explosion craters formed during WWI in the c. 40 km long war front zone in Flanders (west Belgium; Hermans, 2015) . For this, many aerial photographs, taken between 1914 and 1918 and reported by Stichelbaut and Chielens (2014) , were analyzed. Using a relationship between the diameter and volume of the apparent (false) craters, a minimum displaced soil volume by explosion cratering was calculated. Note that the volume of the true craters is larger but cannot be easily measured because of the fallback of ejecta (Cooper, 1996) . At the same time, total trench length seen on the aerial photographs and trench volume was calculated as well. The first results reveal the following soil erosion rates (during four years): i.e. 767 t/ha due to bomb craters in a 1262 km 2 affected area, 279 t/ha due to trench digging in a 697 km 2 area and 138 t/ha due to mine craters in a 109 km 2 area (Hermans, 2015) . Integrating these soil losses over a total area of 1262 km 2 that was severely affected by WWI in Flanders resulted in a mean soil loss of 934 t/ha per the four years exceeding by more than two orders of magnitude water erosion rates. Along the more than 700 km WWI battle front (between Flanders and Alsace, France) the displaced soil volumes by shell and mine cratering and trench digging even reached values as high as 1500 to 3000 ton/ha per four years in Argonne (France; Brenot et al., 2016) and locally up to 7500 ton/ha per four years (Devos et al., 2015) . These few case studies clearly illustrate that warfare should be recognized as a major erosion factor with explosion cratering and trench digging as major processes. Very few studies have attempted to quantify soil loss rates by such processes. Yet the areas affected during warfare and the numbers of bomb explosion craters are huge: e.g. c. 
Erosion process combinations and interactions
Most soil erosion studies focused on a single erosion process. However, in many environments several erosion processes operate at the same time and may interact with each other resulting in a reinforcement or compensation of the overall soil loss rates. The previous sections already pointed to the existence of significant interactions between erosion factors that control water erosion processes (e.g. topography, climate and soil erodibility). In this section frequently occurring combinations and interactions between erosion processes are briefly discussed. These are poorly understood and therefore rarely addressed in erosion assessments and models. Given their importance, these interactions deserve more research attention.
Piping and gully erosion The importance of the interactions between piping erosion and gully erosion was already highlighted earlier. Piping erosion may trigger gully erosion following pipe roof collapse, resulting Table III . Summary of reported soil loss due to crop harvesting (SLCH) rates for a selection of crops, based on several studies: (1) Ruysschaert et al. (2007) ; (2) Mwango et al. (2015) ; (3) Parlak et al. (2016) ; (4) Lambrechts (2015); (5) (Figure 3 ), but also gully erosion may induce piping erosion, by creating strong subsurface hydraulic gradients and hence seepage forces and subsurface erosion at gully banks.
Piping and landsliding Poorly drained active and dormant landslides modify the hillslope hydrology by redirecting subsurface flow and may therefore affect the initiation and location of piping erosion as described in a temperate humid environment by Verachtert et al. (2012) . In turn, the enhancement of pipe flow in such an environment may lead to a rapid drainage of the landslide zone, increasing hillslope stability.
Gully erosion and landsliding Landsliding changes hillslope morphology leading to overland flow concentration at its borders where ephemeral and permanent gullies often develop ( Figure 13 ). These concentrated flow channels then rapidly increase runoff and sediment connectivity, evacuating surface runoff (leading to an increase of hillslope stability) but also causing significant soil losses, e.g. by transporting material displaced by the landslide. Once gully channels develop they often trigger mass movement processes on their banks such as soil fall, soil topple or soil sliding after tension crack development and undercutting. Furthermore, gully channels enhance the export of sediment produced at the intergully areas (sheet and rill ero- Figure 11 . Crater diameter versus energy/charge weight of raindrops and a range of explosive types and weights used in WWI. Splash crater data are for 3.1 mm water drops falling from different heights (< 12 m) on a fine sand (data from Zhao et al., 2015) . Apparent explosion crater data were collected after subsurface (at a soil depth of c. 1 m) explosions of buried shells in a sandy soil (Figure 9 ; Leopoldsburg, Belgium, July 2016, DOVO, Service for the destruction of explosives). Apparent mine explosion crater data were recorded in west Belgium for WWI mine explosions in clay and sand deposits at a depth ranging between 17 and 38 m (Lampaert, 2000) . Solid line is for bomb explosions at the soil surface (Cooper, 1996) . sion) by increasing the sediment connectivity in the landscape. Deep valley-bottom gully incision may also trigger large landslides by removing lateral support of hillslope foot slopes, as demonstrated by Ionita et al. (2015) in eastern Romania. The combination of and interactions between gully erosion and landsliding then results in very high sediment yields (e.g. de Vente et al., 2006) .
Ephemeral gully erosion and tillage erosion/deposition
In most croplands, water and tillage erosion operate at the same time (e.g. Turkelboom et al., 1997) . If gullies develop and no gully control measures are taken, gully growth rates usually decline exponentially during subsequent years . However, in cropland, (ephemeral) gullies are usually filled in by topsoil translocated by tillage (i.e. tillage deposition following tillage erosion) within less than one year since channel initiation (Figure 14) . During subsequent storms (years), the infilled soil material is usually eroded again by concentrated flow (e.g. Belyaev et al., 2006) . So ephemeral gully erosion and tillage erosion reinforce each other (Figure 15 ; Poesen et al., 2003) . Gordon et al. (2008) demonstrated through modeling that total soil erosion rates could be 250% to 450% greater when ephemeral gullies are tilled and, hence, reactivated annually as opposed to no-till conditions. These results demonstrate that routine filling of ephemeral gully channels by tillage operations may result in markedly higher ephemeral gully erosion rates as compared to allowing these gullies to persist on the landscape.
Soil erosion by animal trampling and water It is well known that animal grazing causes a reduction of vegetation cover and therefore overgrazing increases the susceptibility of land to water and wind erosion. However, grazing on steep, rocky slopes may also cause a significant direct displacement of both rock fragments and fine earth as shown by field experiments in Turkey and Greece (Oostwoud . In addition, trampling on steep overgrazed areas with saturated shallow soils leads to topsoil deformation and ultimately to the detachment of large amounts of topsoil that are subsequently easily washed downslope by overland flow (Figure 16) . Therefore, the increase of sheep, goat and cattle densities above sustainable stocking rates in various parts of the world contributes considerably to soil erosion of fragile hilly and mountainous areas (often with shallow soils) through the combined action of soil detachment by trampling and subsequent transport by water erosion processes. Apart from field observations and a limited number of experiments, few studies have collected data to document and predict the impact of this combination of soil erosion processes.
Erosion process combinations in and near rural settlements or urbanized areas Building or infrastructure construction sites are often major runoff and sediment production sites (mean soil loss by sheet and rill erosion of c. 300 t/ha/yr in Europe; Maetens et al., 2012a). Sediment yield is likely to increase by around one order of magnitude (median value up to 50 t/ha/yr) when converting from rural land use to urbanization with significant levels of active construction in the catchment (Russell et al., 2017) . This can be explained by several erosion processes occurring and interacting at the same time: i.e. land leveling, sheet, rill, (urban) gully and piping erosion as well as shallow landsliding. Likewise, in rural areas of the Global South, soil erosion rates in the range of 50 to over 500 t/ha/yr (De Meyer et al., 2011) have been reported in villages because of a combination of soil detachment by human and animal trampling, sweeping, vehicle traffic, soil leveling and water erosion processes. Such erosion rates exceed by far water erosion rates reported for cropland in this environment. Hence leading to the conclusion that construction sites, compounds, footpaths and unpaved roads are very significant sediment sources that need to be considered when assessing overall regional soil erosion rates and when designing strategies to reduce sediment production in such environments. Such sediment sources have a very large off-site impact on the environment and humans given that they are often located near rivers or lakes with a high population density in their vicinity. Figure 14 . Interaction between tillage erosion and ephemeral gullying in cropland (lower part of the hillslope). Note the light-colored plan-convex slope sections where the subsoil is exposed due to tillage erosion (and the crop stand is poor) and the dark-colored plan-concave slope sections where topsoil deposited by tillage translocation occurs as well as ephemeral gully channels are formed by concentrated runoff produced on the upper part of the hillslope (rangeland) (Zarcilla de Ramos, Spain, November 1997). [Colour figure can be viewed at wileyonlinelibrary.com] Figure 15 . Illustration of the interaction between ephemeral gully development and tillage erosion/deposition (after Poesen et al., 2011) . Left: digressive increase of total gully volume over time if no soil tillage takes place (based on field measurements). Right: evolution of cumulative ephemeral gully volume over time, if gully channels are filled in annually by soil tillage operations.
Need for integrated assessments of soil erosion rates
From the previous sections it becomes clear that the assessment of soil erosion rates in a particular environment should not only focus on e.g. water erosion processes (as done in many studies), but should also address all other erosion processes that operate in that environment. Table IV illustrates an assessment of mean soil loss rates by various erosion processes in cropland on loess-derived soils in central Belgium: i.e. sheet and rill erosion, ephemeral gully erosion, tillage erosion and soil erosion during crop harvesting. Most soil erosion assessments in this region have focused on sheet and rill erosion or tillage erosion only. Data in Table IV indicate that these processes represent only 26.5% and 33.5% of total soil loss respectively. If only mean soil loss rates by sheet and rill erosion are considered (i.e. 6.9 t/ha/yr) one may conclude that there is no urgent need to implement soil conservation measures. However, considering the total soil loss rate due to the combination of various erosion processes (i.e. 26 t/ha/yr) in this region, which largely exceeds soil formation rates (Verheijen et al., 2009) , calls for taking appropriate measures in this region to reduce soil erosion rates to a value below a tolerable level.
Most assessments of soil degradation at continental or global scale are based on the Global Assessment of Soil Degradation (GLASOD) methodology and map, which represents the first uniformly collected body of qualitative information on soil degradation processes worldwide (Bridges and Oldeman, 1999) . As for soil erosion, the GLASOD methodology relies on expert judgment about the following processes: water erosion (sheet, rill and gully erosion), mass movements and wind erosion. During the last decades, several studies revealed that also other erosion processes cause significant soil degradation in various parts of the world: i.e. subsurface erosion resulting in piping and tunneling, and, particularly in the Anthropocene, tillage erosion, soil erosion by crop harvesting, land leveling, soil quarrying, explosion cratering and trench digging (see earlier). Moreover, in this period, quantitative data on the rates of several of these erosion processes have been reported as well. This calls for an urgent need to update the GLASOD map by also incorporating these erosion processes as well as quantitative data on their rates. This then would provide a more realistic picture for those regions of the world that are significantly being denuded and degraded by a combination of these erosion processes, and would allow directing attention to where further investigation and action is required, i.e. to potential 'soil erosion hot spots' (Boardman, 2006) .
Scaling Up Soil Erosion Processes and Rates in Space
Many field studies of soil erosion by water are limited by the size of the experimental plot or catchment and the period over which the measurements have been made. For water erosion, research efforts have mainly concentrated on particular sites or areas in the landscape: i.e. runoff plots on sloping land to better understand the sheet and rill erosion response of hillslope sections and experimental catchments to quantify their integrated erosion and sediment deposition response expressed as sediment yield at the catchment outlet. Figure 17 shows that for water-related erosion processes measured in Europe, most attention has gone to sheet and rill erosion rates obtained from runoff plots (0.001-0.1 ha in size) or sediment yield for relatively large catchments (10 2 -10 7 ha). Very few studies have measured the water erosion response of entire hillslopes (from the divide down to the valley bottom or to the first order channel) or relatively small catchments (0.01-1000 ha). Yet at this scale range there is a shift in the dominance of particular erosion processes often occurs because critical drainage areas for initiating gully erosion (or piping and landslides) may be exceeded (e.g. de Vanwalleghem et al., 2005b) . Sediment yield data for such small catchments are therefore crucial for better understanding the linkages between soil erosion processes occurring on hillslopes and sediment transport in large rivers Vanmaercke et al., 2011) . Such small catchments are also more responsive and will also show the largest increase in sediment flux upon human disturbances compared to larger drainage basins (Dearing and Jones, 2003; Vanmaercke et al., 2015) .
Comparing soil erosion rates measured at the runoff plot scale with sediment yields measured at the catchment scale often reveals significant differences. These indicate that upscaling or downscaling of erosion rates from measurements made at a particular scale is rather complex and difficult (e.g. Poesen and Hooke, 1997; Verbist et al., 2010; Chaplot and Poesen, 2012; Vanmaercke et al., 2012) . Scaling up soil erosion rates measured at particular field sites to larger areas and for longer periods involves the use of erosion models. Several models are available: from empirical data-based to physics-or process-based and from simple to complex ones that need many input data (for a review, see e.g. de Vente et al., 2013) . Building these models has provided a better understanding of significant factors that control erosion processes and rates (e.g. Nearing et al., 1989; Morgan et al., 1998; Kirkby et al., 2003; Merritt et al., 2003) . However, all these models have limitations as well. For instance, most water erosion models only predict soil loss by sheet and rill erosion, not by gully erosion, piping erosion or landsliding. Almost all erosion models do not incorporate anthropogenic soil erosion processes such as tillage erosion or soil loss due to crop harvesting, nor do they account for the interactions between the various processes.
Predicting sediment yield at the catchment scale is one of the main challenges in geomorphological research. Catchment sediment yield has been shown to both increase and decrease with drainage area (e.g. de Vente et al., 2007) . The application of both physics-based models and regression models has not always provided satisfying results for the prediction of sediment yield from medium-to large-sized catchments (> 5000 ha; de Vente et al., 2006) . This is mainly due to a combination of the large data requirements of most process-based sediment yield models and a lack of knowledge to describe all erosion processes and their interactions at the catchment scale. In particular, point sources of sediment (e.g. gullies, piping, mass movements), sediment connectivity, transport and deposition remain difficult to describe in most models.
The lack of simple relationships between catchment area and sediment yield demonstrates complex and scaledependent process domination (erosion, sediment deposition) throughout a catchment. This emphasizes our uncertainty and poor conceptual basis for scaling up plot to catchment-scale erosion rates and sediment yields. Changing process domination and process complexity occurring with increasing spatial unit (e.g. de Nadal-Romero et al., 2011) is not represented in most models. The latter are typically formulated on empirical observations made on relatively small spatial units, despite the recognition of the role of scale in controlling dominant erosion processes. These observations call for the development of soil erosion models that include (de Vente et al., 2013) : (1) a representation of all types of sediment point sources; (2) the use of sediment connectivity indices to model sediment transport (e.g. Borselli et al., 2008) along entire hillslopes and within catchments; (3) a representation of the effects of land use, land management (e.g. soil conservation) and seismicity. The latter has been shown to significantly affect gully erosion (e.g. Cox et al., 2010) , landsliding (e.g. Broeckx et al., 2016) and catchment sediment yield (e.g. Vanmaercke et al., 2014b) at regional and continental scales.
In order to support model calibration and validation, largescale data collection and analysis (data mining) of published data on soil erosion rates and factors is increasingly needed. Furthermore, data availability from many case-studies (often published in the gray literature) decreases over time because scientists lose their data at a rapid rate. The availability of research data typically declines rapidly with article age, as shown recently in the research field of ecology: 20 years after the publication of an article two thirds of the original research data were already lost for the scientific community (Vines et al., 2014) . Soil erosion and sediment yield data are no exception to this. Moreover, the number of monitoring stations where soil erosion rate at the runoff plot scale (Maetens et al., 2012a (Maetens et al., , 2012b , gully channel expansion or catchment sediment yield (e.g. Vanmaercke et al., 2011 Vanmaercke et al., , 2014b ) is being measured is currently declining. The same holds for the availability of monitoring river flow data at repositories which has been explained by funding cutbacks, commercialization, intellectual property rights restriction and delays in data analysis (Vörösmarty et al., 2015) . Hence there is an urgent need to compile and analyze such valuable metadata before they are lost for future generations. Recent attempts in this direction have been made for e.g. erosion plot data in Europe (Maetens et al., 2012a (Maetens et al., , 2012b , Brazil (Anache et al., 2017) and China (Guo et al., 2015) ; soil erosion rates across the world (García-Ruiz et al., 2015) ; sediment yield data for European catchments and African catchments (Vanmaercke et al., 2014a) , topographic thresholds for gully headcut development (Torri and Poesen, 2014) or gully head retreat rates worldwide . As research data cannot be reliably preserved by individual researchers, policies mandating soil erosion data sharing via public archives are needed, as suggested by Vines et al. (2014) . Major research-funding organizations, such as e.g. the European Commission (EC, 2017), now require that research data should be made available through an open access research data repository. Figure 17 . Frequency distribution of runoff plot sizes and catchment areas used for measuring annual soil erosion rate or sediment yield in Europe. Total number of plots on which soil loss by sheet and rill erosion was measured during at least one year is 1719 (source: Maetens et al., 2012a Maetens et al., , 2012b . Total number of catchments for which sediment yield was calculated based on suspended sediment concentration and runoff discharge measurements at a gauging station (n = 1287) or sediment accumulation in a reservoir (n = 507) equals 1794 . [Colour figure can be viewed at wileyonlinelibrary.com]
Innovative Techniques and Strategies to Prevent Erosion or Reduce Erosion Rates
Many techniques and strategies to avoid or to control particular soil erosion processes have been applied worldwide. The relative efficiency of these techniques (as compared to conventional land-use practices) is not always well documented. Once implemented, very few studies attempt to report on successes or failures of soil erosion control programs (e.g. Haregeweyn et al., 2015) . Critical evaluations of past SWC programs remain crucial as the past is the key to the future. Analysis of large plot datasets on soil erosion rates is one way to evaluate the effectiveness of SWC measures in reducing sheet and rill erosion rates (e.g. Maetens et al., 2012a) . However, these datasets have been obtained on runoff plots with limited lengths (generally <50 m) and the obtained effectiveness is often assumed to remain the same on longer slopes. Smets et al. (2008) investigated the impact of plot length on the effectiveness of different soil surface covers (i.e. vegetation, organic mulches and rock fragments) in reducing surface runoff and soil loss by sheet and rill erosion. Analyzing a global dataset they found that these soil covers were more effective in reducing area-specific runoff and soil loss rates on longer plots. This observation indicates that assessments of the effectiveness of SWC measures in reducing rates of soil erosion by water based on runoff plot studies are most likely underestimating their real effectiveness at the landscape scale! In contrast, SWC measures taken at particular sites in a catchment may induce more erosion downslope or downstream as illustrated by a few case studies: e.g. the installation of check dams in Spanish gullies induced significant channel incision downstream (Castillo et al., 2007) or afforestation on slopes in the Spanish Pyrenees triggered significant channel erosion (García-Ruiz et al., 2017) in both cases due to a 'clear water effect'. Slope length effects and the spatial distribution of SWC measures in the landscape thus need more attention when scaling up the effects of these measures on soil erosion rates to the catchment scale (e.g. Verstraeten et al., 2006b) or up to continental scale (e.g. Panagos et al., 2015) .
Effects of SWC measures on runoff and soil loss rates may decrease significantly over time as demonstrated for e.g. conservation and contour tillage (Maetens et al., 2012b) or conservation trenches (Taye et al., 2015) . Such observations call for more efforts to study their long-term impacts. Moreover, these findings have important implications as they indicate that particular introduced SWC techniques or structures may be only very effective during a short period which needs to be taken into account when predicting their long-term effects on runoff and sediment production at the hillslope and catchment scale.
Innovation in erosion control research is rather limited compared to innovation in erosion process and modeling research . For instance, gully erosion is still controlled with techniques (e.g. grassed waterways, check dams) that were already in use c. 80 years ago (Bennett, 1939) . Application of these techniques is not always feasible nor do they result in the expected effects (e.g. Frankl et al., 2016; Nyssen et al., 2017) . Therefore, more efforts should be made to further develop or improve effective erosion control techniques and strategies.
Control of soil loss and sediment production in erosion hot spots remains a big challenge: i.e. sites with intense gullying, piping, river bank erosion, landsliding, or construction sites, recently leveled land, rural settlements and roads, particularly in the Global South. Traditionally, hard engineering approaches (e.g. the installation of check dams, gabions, retention walls, anchors or retention ponds) have been implemented in such spots as they provide an immediate solution. However, these interventions may not necessarily be sustainable in the long run: e.g. check dams in gullies that developed in vertisols (which are very susceptible to soil cracking) may be bypassed (e.g. Frankl et al., 2016) , gabion check dams in gullies with coarse bedload may be abraded at the chute step (Nyssen et al., 2017) or flood and sediment retention ponds may be quickly silted up (e.g. Verstraeten and Poesen, 1999 ).
An alternative approach to hard structures is the installation of soft engineering structures on-site. These make use of live vegetation (i.e. plant species that have optimal above-and below-ground biomass characteristics, e.g. De Baets et al., 2009; Reubens et al., 2007) or brush layers or fascines made from live plant cuttings (Stokes et al., 2014) . More research is needed to combine hard and soft engineering approaches in a balanced way that help ecological restoration of erosion hot spots and that provide a broad spectrum of ecosystem services (Stokes et al., 2014) . Along these lines, a better understanding of root properties of indigenous plant species and their potential to reinforce the soil and hence to control soil erosion by incisive processes, such as concentrated flow erosion (gullying, piping) or shallow landsliding, is much needed (Vannoppen et al., 2015) . Several studies have also demonstrated how a spatially integrated strategy for vegetation establishment at the hillslope and catchment scales can help in trapping large volumes of sediment (e.g. Mekonnen et al., 2005) and hence in reducing sediment connectivity (e.g. García-Ruiz et al., 2017; Hooke and Sandercock, 2017) .
A major factor controlling soil erosion rates and the implementation of soil erosion control and soil conservation techniques is the social-economic-political situation (e.g. poverty, level of development, status of forest transition or availability of subsidies) in a given target area (e.g. Boardman et al., 2003; Boardman, 2006; García-Ruiz et al., 2013) . What are the optimal pathways to implement soil conservation measures and to reduce soil erosion rates: a top-down or a bottom-up approach? How can the most effective approach be stimulated? These questions require a better understanding of human (society)-environment interactions and their impact on soil erosion processes and rates in the Anthropocene.
Conclusions
Taking steps to preserve the quality and quantity of global soil resources should require no justification. Our future ability to feed ourselves and live in an unpolluted environment in the Anthropocene depends on our ability to reduce the rates at which our soils are currently eroding. The unprecedented environmental changes at a global scale make this task even more urgent.
Assessments of soil erosion rates should pay more attention to a series of erosion processes that have hitherto not been accounted for in most studies at local, regional, continental and global scale: i.e. gully erosion, subsurface erosion (piping and tunneling), erosion by tillage, land leveling, soil quarrying, termite mound removal, explosion cratering and trench digging. Likewise, interactions between erosion processes and their factors deserve more research attention. It has become obvious that soil erosion in the Anthropocene mainly occurs as a consequence of a combination of natural and human-induced soil erosion processes. In an increasing number of case studies anthropogenic soil erosion processes have become dominant. The latter are rarely considered in environmental impact studies.
SOIL EROSION IN THE ANTHROPOCENE
Given the magnitude and extent of several of these processes there is an urgent need to make better integrated assessments of soil erosion rates. Too often researchers have been biased towards a particular natural erosion process! There is also an urgent need to incorporate anthropogenic soil erosion processes in such assessments.
Predicting soil erosion rates and sediment yield at the catchment scale under various environmental change scenarios is one of the main challenges in geomorphological research. The application of both physics-based models and regression models has until now not always provided very satisfying results for prediction of soil erosion and sediment yield. This is explained by a combination of the large data requirements for most process-based models and a lack of detailed knowledge to describe all processes and process interactions at the catchment scale. In particular, point sediment sources (e.g. gullies, piping, mass movements) and sediment connectivity remain difficult to predict with most models.
This calls for the development of soil erosion models that include: (1) a representation of all types of sediment point sources; (2) the use of sediment connectivity indices to model sediment along entire hillslopes and within catchments; (3) a representation of the effects of land use and SWC measures.
In order to support model calibration and validation, largescale data collection and analysis (data mining) of published data on soil erosion rates, factors and sediment yield is increasingly needed. Therefore, there is an urgent need to compile and analyze such valuable metadata before they are lost for future generations.
Innovation in erosion control research is rather limited compared to innovation in erosion process and modeling research. More efforts are needed to further develop or improve effective erosion control techniques and strategies, particularly for soil erosion hotspots using soft engineering approaches.
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